INTRODUCTION {#s1}
============

Invasive fungal infections are a serious threat to human health, causing at least 1.5 million deaths worldwide each year ([@B1]). Such infections are common in immunocompromised patients and are associated with high rates of mortality: 30% to 40% for invasive candidiasis and 30% to 90% for invasive aspergillosis ([@B2], [@B3]). Patients with invasive or chronic pulmonary aspergillosis are typically treated with azoles as a first-line therapy. However, resistance to azoles is on the rise and second-line therapy with echinocandins is therefore becoming prominent ([@B4]).

Mechanisms of echinocandin resistance have been extensively studied in yeasts of the *Candida* genus. In these organisms, clinical resistance to echinocandins arises via mutations in the hot spot regions of *FKS* genes which encode the cell wall biosynthetic enzyme β-(1,3)-[d]{.smallcaps}-glucan synthase ([@B5]). While *fks1* mutations have also been linked to resistance to echinocandins in Aspergillus fumigatus ([@B6], [@B7]), high-[m]{.ul}inimum-[e]{.ul}ffective-[c]{.ul}oncentration (MEC) echinocandin-resistant clinical strains of A. fumigatus containing a wild-type (WT) copy of *fks1* have also been identified ([@B8]). In addition, it was reported that upregulation of glucan synthase may also result in reduced clinical drug response ([@B9]). These observations point to the clinical relevance of *fks1* mutation-independent mechanisms for echinocandin resistance in A. fumigatus.

β-(1,3)-[d]{.smallcaps}-Glucan synthase catalyzes the addition of glucose monomers to the growing chain of β-(1,3)-[d]{.smallcaps}-glucan ([@B10], [@B11]). It is predicted to be an integral membrane protein with 16 transmembrane domains, a putative cytoplasmic N terminus, and a putative UDP-glucose binding sequence at the C terminus ([@B12][@B13][@B16]). Yet echinocandin binding and inhibition are not well defined. It has been speculated that the lipid-like tail of echinocandins may intercalate into the hot spot regions of glucan synthase, resulting in inhibition ([@B17]). In Candida glabrata, mutants in certain lipid biogenesis pathways showed differential susceptibilities to different echinocandins, a finding that was hypothesized to be due to changes in lipid composition near the enzyme ([@B18]). However, how the modulation of glucan synthase results in altered echinocandin sensitivity has not been examined.

RG101 is a spontaneous high-MEC A. fumigatus mutant derived from ATCC 13073 generated in Perlin laboratory. This strain is resistant to caspofungin (CAS) but contains no mutations in the *fks1* gene ([@B19]). Therefore, to begin to examine *fks1-*independent mechanisms of echinocandin resistance in *Aspergillus*, we investigated the mechanism of RG101 resistance to CAS and then extended our findings to the echinocandin-resistant clinical isolates of A. fumigatus. Our study identified a novel stress-induced mechanism of echinocandin resistance in *Aspergillus* that is mediated by mitochondrion-derived reactive oxygen species (ROS). This clinically important mechanism induces drug insensitivity of glucan synthase by modulating its immediate lipid environment. It reflects an important adaptation response in fungal species.

RESULTS {#s2}
=======

A. fumigatus echinocandin resistance independent of *fks1* mutations. {#s2.1}
---------------------------------------------------------------------

Clinical isolates of A. fumigatus obtained from patients with chronic pulmonary aspergillosis who failed echinocandin therapy were shown to have elevated MECs for both CAS and micafungin (MFG) ([Table 1](#tab1){ref-type="table"}). DNA sequence analysis revealed no mutations in the *fks1* gene open reading frame or promoter (data not shown), suggesting that the mechanism of echinocandin resistance in these strains was independent of the established *FKS* mechanism of well-characterized *Candida* species ([@B4]) and known to exist in Aspergillus fumigatus ([@B6], [@B7]). The level of *fks1* expression was not increased upon CAS induction (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), indicating that overexpression of the drug target was not the mechanism of resistance in RG101.

###### 

Minimum effective concentrations of clinical isolates of A. fumigatus from patients with chronic pulmonary aspergillosis who failed echinocandin therapy

  ------------------------------------------------------------------------------------------------------------------------------------------------------
  Aspergillus fumigatus\   Isolate source                                       MEC[^*a*^](#ngtab1.1){ref-type="table-fn"}   Nature of\    
  clinical isolate                                                                                                           *fks1* gene   
  ------------------------ ---------------------------------------------------- -------------------------------------------- ------------- -------------
  32458                    Sputum                                               16                                           2             WT

  32315                    Sputum                                               16                                           2             WT

  117                      Sputum                                               16                                           4             WT

  2770                     Sputum                                               16                                           2             WT

  68284B                   Sputum                                               4                                            4             WT

  ATCC 13073               Human pulmonary lesion                               0.12                                         0.03          WT

  S679P                    Laboratory-generated echinocandin-resistant mutant   16                                           16            Ser-679-Pro
  ------------------------------------------------------------------------------------------------------------------------------------------------------

MEC, minimum effective concentration.
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*fks1* expression levels in RG101 under uninduced and CAS-induced conditions. RG101 conidia were grown for 16 h in YPD in the absence and presence of CAS (1 and 4 μg/ml), and expression levels of *fks1* were compared using reverse transcription-PCR (RT-PCR). No significant differences in *fks1* expression levels were seen under uninduced and CAS-induced conditions (*P* \> 0.05). Download FIG S1, DOCX file, 0.02 MB.
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To better understand this potential novel resistance mechanism, we turned our attention to a previously reported laboratory-generated strain of A. fumigatus called RG101, which exhibited a drug susceptibility phenotype comparable to those seen with the echinocandin-resistant and *fks1* wild-type (WT) clinical isolates. The RG101 strain was spontaneously generated following CAS exposure of echinocandin-susceptible parental strain ATCC 13073 ([@B19]). The resulting mutant strain displayed an unusual paradoxical high-resistance phenotype but was devoid of any mutation in the *fks1* gene. At 24 h, RG101 was sensitive to CAS with an MEC of 0.25 μg/ml, with the formation of characteristic rosette structures indicating growth inhibition. However, breakthrough growth began to manifest at 0.5 μg/ml, and at 1 and 8 μg/ml of CAS, this strain showed complete resistance. At 16 μg/ml, rosettes began to form again, indicative of drug sensitivity ([Fig. 1A](#fig1){ref-type="fig"}). By 30 h, full breakthrough was seen at all concentrations of CAS tested (0.25 to 8 μg/ml) ([Fig. 1A](#fig1){ref-type="fig"}). This phenotype, showing partial inhibition at low drug levels followed by full breakthrough growth at higher levels, suggested that there was drug-mediated induction of caspofungin resistance. As reported previously ([@B19]), RG101 was resistant to CAS and sensitive to all other antifungals, indicative of CAS-specific, inducible resistance phenotype ([Fig. 1B](#fig1){ref-type="fig"}).

![RG101 shows breakthrough growth in CAS. (A) Time-dependent changes in growth phenotypes of RG101 and ATCC 13073 in RPMI 1640 medium. At 24 h, the MEC of CAS for RG101 was 0.25 μg/ml, with the formation of characteristic rosettes indicating inhibition (red). However, breakthrough growth began to manifest at 0.5 μg/ml (green), and at between 1 and 8 μg/ml of CAS, this strain showed complete resistance. At 16 μg/ml, rosettes began to form again, indicative of growth inhibition. At 30 h, resistance of RG101 to CAS was seen at all concentrations of CAS tested. (B) Results of drug susceptibility testing of RG101 and ATCC 13073 at 24 h in the presence of different antifungals. RG101 was resistant only to CAS but was sensitive to other echinocandins, azoles, and polyenes. ATCC 13073 was sensitive to all antifungals.](mBio.00779-19-f0001){#fig1}

To determine if RG101 was resistant to CAS *in vivo*, we tested the strain in a murine model of pulmonary invasive aspergillosis, in which neutropenic DBA/2 mice were infected with RG101 conidia. The lung burdens of mice treated with CAS, MFG, or vehicle are presented in [Fig. 2](#fig2){ref-type="fig"}. Animals treated with vehicle, CAS, and MFG showed 25.8, 22.6, and 5.2 ng fungal DNA per lung, respectively. No significant differences in lung burden were observed between the vehicle-treated and CAS-treated groups, whereas the MFG-treated animals showed an approximate 5-fold decrease in burden, suggesting that RG101 was resistant to CAS but sensitive to MFG *in vivo*.

![RG101 is resistant to caspofungin and sensitive to micafungin *in vivo*. Resistance of RG101 to CAS *in vivo* was tested in an acute pulmonary aspergillosis model. Inbred DBA/2 mice were rendered neutropenic and infected with 1 × 10^6^ RG101 conidia intratracheally. The mice were then treated with CAS, micafungin, or vehicle daily for 5 days, and lung burdens were determined using qPCR. The average fungal lung burdens in animals treated with vehicle, CAS, and MFG were 25.8, 22.6, and 5.2 ng fungal DNA per lung, respectively. Statistical analysis showed no significant differences between the vehicle-treated and CAS-treated groups, whereas MFG-treated animals showed approximately 5-fold decrease in burden, suggesting that RG101 is resistant to CAS and sensitive to MFG *in vivo*.](mBio.00779-19-f0002){#fig2}

Probing the *fks1*-independent resistance mechanism of RG101. {#s2.2}
-------------------------------------------------------------

Echinocandin activity is known to induce compensatory changes in cell wall composition, resulting in cell wall alterations that can partially protect the fungus from the drug ([@B20]). We therefore examined potential ultrastructural changes in the cell wall upon CAS exposure using electron microscopy (EM) to obtain insights into the mechanism of resistance. In both scanning electron microscopy (SEM) and transmission electron microscopy (TEM) studies, RG101 grown in the presence of CAS did not show any ultrastructural cell wall damage. In contrast, the echinocandin-sensitive parent, ATCC 13073, showed extensive damage, irregular cell wall shape, and leaking of cellular contents ([Fig. S2](#figS2){ref-type="supplementary-material"}). We then examined the possibility that compensatory upregulation of other cell wall components, such as chitin, was driving the resistance in RG101. Biochemical analysis of cell wall composition by mass spectrometry (MS) and chitin content evaluation by calcofluor white staining showed no significant increase of chitin levels in RG101 upon CAS exposure ([Fig. S3](#figS3){ref-type="supplementary-material"}). We concluded that a compensatory increase in the level of chitin in the cell wall was not a likely mechanism of echinocandin resistance in RG101.

10.1128/mBio.00779-19.3

Cell wall ultrastructure of RG101 in the presence of CAS. Conidia of ATCC 13073 and RG101 strains were grown in liquid YPD in the presence of CAS (4 μg/ml) for 16 h and processed for SEM and TEM imaging. Electron microscopy images showed no morphological defects in RG101 grown in the presence of CAS, whereas the CAS-sensitive parental strain ATCC 13073 showed irregular mycelia and leaking cellular contents indicating damaged cell wall. Download FIG S2, DOCX file, 0.9 MB.
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Evaluation of glucan and chitin contents of RG101 cell wall (A) Biochemical analysis of cell wall glucan levels using mass spectroscopy showing no reduction in glucan content in RG101 treated with CAS. (B and C) Fluorescence study using calcofluor white showing no increase in chitin levels in RG101 treated with CAS (4 μg/ml). In summary, no cell wall-associated changes were detected in RG101 treated with CAS, indicating complete resistance to the drug. Download FIG S3, DOCX file, 0.4 MB.
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The *fks1*-independent mechanism of resistance is mediated by CAS-induced modification of glucan synthase. {#s2.3}
----------------------------------------------------------------------------------------------------------

To further examine whether glucan synthase of RG101 was intrinsically resistant to inhibition by CAS, RG101 and corresponding parental strain ATCC 13073 were grown in the absence and presence of resistance-inducing levels of CAS. The active enzyme was partially purified, and the sensitivity of the enzyme to echinocandins was analyzed in kinetic inhibition assays ([@B21]). We observed that glucan synthase isolated from RG101 cultured in the absence of CAS was fully sensitive to inhibition by CAS or MFG ([Fig. 3A](#fig3){ref-type="fig"} and [B](#fig3){ref-type="fig"}). However, when glucan synthase was isolated from RG101 grown in the presence of CAS, it was 4 to 5 log orders less sensitive (as determined by the enzyme's higher 50% inhibitory concentration \[IC~50~\] value) than that of RG101 grown in the absence of the drug ([Fig. 3A](#fig3){ref-type="fig"}). This biochemical insensitivity was not observed with the WT parental strain ATCC 13073. The drug-mediated reduced sensitivity correlated with increasing effector concentrations of drug in the growth media; i.e., RG101 cells grown in the presence of higher concentrations of CAS had higher IC~50~ values and thus were more resistant to CAS inhibition ([Fig. 3A](#fig3){ref-type="fig"}). Strikingly, glucan synthase isolated from RG101 cultured in the presence of CAS was also insensitive to MFG ([Fig. 3B](#fig3){ref-type="fig"}). These results strongly suggested that culturing RG101 in the presence of a CAS-induced modification(s) in glucan synthase had rendered it largely insensitive to all echinocandin class drugs.

![CAS induces modification of β-glucan synthase in RG101 and several clinical isolates. Sensitivity of partially purified glucan synthase to different echinocandins was examined *in vitro* after isolating the enzyme from RG101 grown in different drug conditions. (A) Dose-dependent insensitivity of RG101 glucan synthase to CAS induced by CAS during mycelial growth of RG101. The IC~50~ of glucan synthase for RG101 grown in the absence of CAS \[IC~50~ (no CAS)\] was ∼0.01 ng/ml and for RG101 grown at 4 μg/ml CAS \[IC~50~ (4 μg/ml CAS)\] was high at \>10,000 ng/ml. Previous exposure to CAS in RG101 culture induced insensitivity to CAS at the enzyme level in a dose-dependent fashion. (B) Previous exposure to CAS in culture induced insensitivity to micafungin at the enzyme level \[IC~50~ (no CAS), \<0.01 ng/ml; IC~50~ (4 μg/ml CAS), \>10,000 ng/ml\], indicating potential CAS-induced cross-resistance in cells. (C to E) Enzyme profiles similar to those seen with CAS were observed in clinical isolates 117 (C), 2770 (D), and 32458 (E). IC~50~ values for the three clinical isolates are as follows: for isolate 117, IC~50~ (no CAS) = ∼0.01 ng/ml and IC~50~ (4 μg/ml CAS) = \>10,000 ng/ml; for isolate 2770, IC~50~ (no CAS) = ∼0.01 ng/ml and IC~50~ (4 μg/ml CAS) = \>10,000 ng/ml; for isolate 32458, IC~50~ (no CAS) = ∼10 ng/ml and IC~50~ (4 μg/ml CAS) = ∼5,000 ng/ml.](mBio.00779-19-f0003){#fig3}

To assess whether clinical isolates ([Table 1](#tab1){ref-type="table"}) would show similar enzymatic behavior upon CAS induction, cells were cultured in the absence and presence of CAS (4 μg/ml), and the glucan synthase enzymes were isolated and evaluated in the kinetic inhibition assay. Indeed, three clinical isolates---117, 2770, and 32458---yielded enzymes with CAS-induced drug insensitivity, similar to RG101 ([Fig. 3C](#fig3){ref-type="fig"} and [D](#fig3){ref-type="fig"} and [E](#fig3){ref-type="fig"}), indicating that modification of glucan synthase induced by CAS is a conserved mechanism of echinocandin resistance in A. fumigatus.

CAS induces cross-resistance to other glucan synthase inhibitors in RG101. {#s2.4}
--------------------------------------------------------------------------

Since glucan synthase of RG101 grown in the presence of CAS showed enzyme insensitivity not only to CAS but also to MFG, we examined whether cross-resistance was also observed in liquid growth culture. To this end, we performed drug susceptibility testing of ATCC 13073 and RG101 with different glucan synthase inhibitors individually and in combination with an inducing level (1 μg/ml) of CAS. RG101 was sensitive to micafungin (MFG), anidulafungin (ANF), rezafungin (RZF), and ibrexafungerp (IFG) when grown in the presence of each drug alone. However, when these drugs were present in combination with 1 μg/ml of CAS, cross-resistance was observed ([Fig. 4](#fig4){ref-type="fig"}). This suggested that CAS induces cross-resistance to other glucan synthase inhibitors in RG101, paralleling the kinetic inhibition studies.

![CAS induces cross-resistance to other glucan synthase inhibitors in RG101. RG101 was grown for 24 h in RPMI 1640 media containing 1 μg/ml of different glucan synthase inhibitors, including micafungin (MFG), anidulafungin (ANF), rezafungin (RZF), and ibrexafungerp (IFG), in both the absence and presence of CAS (1 μg/ml). While RG101 was susceptible to these drugs in the absence of CAS, as seen by characteristic formation of rosettes, it showed complete resistance in the presence of CAS, as seen by the presence of extended mycelia.](mBio.00779-19-f0004){#fig4}

Nature of glucan synthase modification leading to resistance in RG101. {#s2.5}
----------------------------------------------------------------------

We hypothesized that CAS induces resistance in RG101 by direct modification of glucan synthase through posttranslational modifications (PTMs). To test this hypothesis, glucan synthase was isolated from RG101 grown in the absence and presence of CAS (1 μg/ml) and subjected to enzymatic digestion and analysis by a nano-LC-MS/MS (liquid chromatography-tandem mass spectrometry) method to identify any potential PTMs. The peptides covered a significant portion (up to 71.5%) of the enzyme, including the major hot spot regions known to confer resistance. This analysis resulted in three important findings ([Fig. S4](#figS4){ref-type="supplementary-material"}). First, the A. fumigatus glucan synthase enzyme was decorated with numerous PTMs---methylation, acetylation, and phosphorylation---throughout the length of the protein. Second, no PTMs were detected in the hot spot regions of the enzyme. Third, a subset of peptides had PTMs in the induced enzyme sample that were absent in the uninduced enzyme. However, only a very small fraction (\<5%) of the enzyme population was modified, making it unlikely to account for the observed phenotype. On the basis of these data, we believed it improbable that any PTM present at such low abundance would be responsible for the resistance phenotype ([Fig. S4](#figS4){ref-type="supplementary-material"}).

10.1128/mBio.00779-19.5

PTMs identified in glucan synthase. Nano-LC/MS analysis of glucan synthase of RG101 after enzyme digestion covered 71.5% of the protein and detected several PTMs. (A) A list of different PTMs detected with specific amino acid locations. (B) A diagrammatic representation of glucan synthase 16 transmembrane domains and the overall distribution of PTMs detected. Most of the PTMs were studded in the cytosolic segments of the protein. No PTMs were detected in the two hot spot regions of the enzyme. (C) List of 8 peptides showing differences in PTMs between CAS-induced and uninduced enzymes. However, a very low fraction of the population of the enzyme was modified, which did not account for the observed phenotype in RG101. Download FIG S4, DOCX file, 0.2 MB.
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It was previously reported for Candida glabrata that a change in sphingolipid content could alter whole-cell susceptibility to CAS and MFG ([@B18]). Thus, a comprehensive lipidomics analysis was performed to compare lipid profiles of glucan synthase containing fractions derived from RG101 grown in the absence and presence of CAS (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). In samples derived from CAS-treated cells, two lipid molecules---dihydrosphingosine (DhSph) and phytosphingosine (PhSph)---were found in increased abundance (2-fold and 10-fold, respectively) compared to untreated cells ([Fig. 5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"}). These lipid species also showed significantly increased abundance in enzyme preparations of clinical isolates (117, 2770, and 32458) treated with CAS ([Fig. S5](#figS5){ref-type="supplementary-material"}).

![Certain lipids affect the sensitivity of β-glucan synthase to CAS. (A and B) Lipidomics analysis of enriched glucan synthase from RG101 grown in the absence and presence (1 μg/ml) of CAS showed (A) \>2-fold-increased abundance of dihydrosphingosine (DhSph) and (B) 10-fold-increased abundance of phytosphingosine (PhytoSph) in CAS-exposed cells. (C) Addition of DhSph and PhytoSph at a concentration of 150 μg/ml for 1 h to enriched glucan synthase extract in the enzyme assay made the enzyme insensitive to CAS \[IC~50~ (no lipid) = ∼0.01 ng/ml; IC~50~ (150 μg/ml DhSph) = 0.1 ng/ml; IC~50~ (150 μg/ml PhytoSph) = ∼100 ng/ml\], whereas addition of other lipids such as phytoceramide did not alter the enzyme property \[IC~50~ (150 μg/ml C2 PhytoCer) = ∼0.01 ng/ml\].](mBio.00779-19-f0005){#fig5}

10.1128/mBio.00779-19.6

Abundance levels of DhSph and PhSph lipid species in clinical isolates: Glucan synthase of three clinical isolates listed in [Table 1](#tab1){ref-type="table"}---2770, 117, and 32458---was tested for abundance levels of DhSph and PhSph under uninduced and induced conditions. Consistent with data from RG101, these clinical isolates also showed higher levels of DhSph (A) and PhSph (B) in CAS-induced enzymes than in preparations of uninduced enzymes. This indicated that CAS induces lipid modifications in clinical isolates, as observed in RG101. Download FIG S5, DOCX file, 0.04 MB.
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Relative abundances of different lipid species in the microenvironment of glucan synthase. Three lipid subtypes (in red)---dihydrospingosine (DhSph), phytosphingosine (PhSph), and phytoceramide (C24)---were present in CAS-induced glucan synthase of RG101 at levels 3-, 10-, and 3-fold higher, respectively, than those seen with the uninduced preparation. DhSph and PhSph were used for further analysis. Download Table S1, DOCX file, 0.02 MB.
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To further test whether DhSph and PhSph contribute to the insensitivity of the enzyme to CAS, these lipids were added exogenously to the kinetic inhibition assay reaction mixture containing the partially purified glucan synthase in detergent. Interestingly, each lipid dramatically altered the sensitivity profile of glucan synthase derived from RG101 grown in the absence of CAS. DhSph and PhSph increased the CAS IC~50~ value of the sensitive enzyme by at least 1 and 4 log orders, respectively ([Fig. 5C](#fig5){ref-type="fig"}). These effects were lipid dose dependent (data not shown). The observed effects were specific to DhSph and PhSph, as other lipid intermediates such as phytoceramide (C20) did not change the enzymatic sensitivity ([Fig. 5C](#fig5){ref-type="fig"}). This indicated that the composition of the lipid microenvironment surrounding the glucan synthase most likely altered its conformation in a way that is important for CAS enzyme inhibition.

CAS induces production of reactive oxygen species in A. fumigatus. {#s2.6}
------------------------------------------------------------------

As described previously, the induction of resistance in RG101 was specific to CAS ([Fig. 1](#fig1){ref-type="fig"}), and the cells showed cross-resistance to other echinocandins in the presence of CAS. Thus, we investigated several potential factors that might differentiate CAS from other echinocandins and observed that only CAS strongly induced the production of reactive oxygen species (ROS) in cells ([Fig. 6](#fig6){ref-type="fig"}). A 2′,7′-dichlorofluorescin diacetate (DCFDA)-based fluorescence assay was used to measure ROS levels in A. fumigatus cells. After 1 h of drug exposure, CAS induced the highest levels of ROS in cells compared to other glucan synthase inhibitors ([Fig. 6A](#fig6){ref-type="fig"}). The levels of ROS induced by the drugs were very similar between the ATCC 13073 and RG101 strains. There was a dose-dependent increase in ROS production induced by CAS ([Fig. 6B](#fig6){ref-type="fig"}). Consistent with the induction of ROS, RNA-seq analysis of RG101 harvested in the presence and absence of CAS induction revealed that the oxidation-reduction pathway was one of the most highly differentially expressed pathways, consistent with the production of ROS induced by CAS ([Fig. S6](#figS6){ref-type="supplementary-material"}). Next, the effect of thiourea, a ROS scavenger, on ROS levels and CAS resistance was tested. As expected, treatment with 15 mM thiourea reduced the levels of ROS induced by CAS by 4-fold ([Fig. 6B](#fig6){ref-type="fig"}). Addition of the mitochondrial respiration inhibitor antimycin A (0.5 μg/ml) to the assay decreased ROS production induced by CAS by over 2-fold, indicating that CAS-induced ROS is generated in mitochondria ([Fig. 6C](#fig6){ref-type="fig"}). Importantly, thiourea reversed the CAS-induced breakthrough resistance phenotype of RG101 but had no effect on CAS resistance in the *fks1-*S679P strain ([Fig. 6D](#fig6){ref-type="fig"}). These results suggest that CAS indirectly induces the production of mitochondrial ROS, which in turn leads to downstream modification of glucan synthase and echinocandin resistance via changes in the lipid microenvironment.

![CAS induces ROS production. (A) Levels of ROS induced by different echinocandins as measured by a fluorescence assay using DCFDA dye. After 1 h of exposure of cells to echinocandins, CAS induced the highest levels of ROS production in the A. fumigatus RG101 and ATCC 13073 strains in comparison to other echinocandins. (B) Dose-dependent increase in ROS production induced by CAS. (C) Addition of thiourea, a ROS scavenger, at 15 mM reduced CAS-induced ROS production in RG101. (D) Addition of antimycin A, a mitochondrial respiration inhibitor, at 0.5 μg/ml reduced CAS-induced ROS production in RG101, indicating mitochondrion-associated ROS production induced by CAS. (E) Testing of susceptibility of ATCC 13073, RG101, and S679P strains with CAS (1 μg/ml) and thiourea (15 mM) revealed reversion of the resistance phenotype of RG101 but no change of the phenotype of ATCC 13073 and S679P.](mBio.00779-19-f0006){#fig6}
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Differentially expressed genes and gene ontology data from comparisons performed under CAS-induced and uninduced conditions in RG101. RG101 was grown in the absence and presence of CAS (1 μg/ml) for 16 h, and cells were isolated and processed for RNA-seq. Genes involved in the oxidation-reduction pathway were highly differentially expressed, consistent with the induction of ROS by CAS. Download FIG S6, DOCX file, 0.6 MB.
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DISCUSSION {#s3}
==========

In this study, a novel mechanism of resistance to echinocandins in Aspergillus fumigatus was investigated. Although azoles represent the primary treatment option for *Aspergillus* infections, therapeutic use of echinocandins is rising rapidly due to increasing emergence of azole resistance ([@B22]). The echinocandin caspofungin was first approved by the FDA in 2002 for use against *Aspergillus* infections refractory to conventional antifungal therapy ([@B23]). As the number of patients with *Aspergillus* infections being treated with echinocandins has expanded, reports of clinical failure of echinocandin therapy are emerging ([@B6], [@B9]). In *Candida* species, echinocandin resistance is tightly associated with *FKS* gene mutations that result in amino acid substitutions in hot spot regions of glucan synthase enzyme ([@B21], [@B24][@B25][@B26]). These mutations decrease the sensitivity of the enzyme to echinocandins by up to 3,000-fold ([@B21], [@B25], [@B26]). Additionally, certain cell wall stress adaptation response pathways become activated upon echinocandin exposure, resulting in elevated MIC values *in vitro* ([@B27]). However, these alterations are typically associated with drug tolerance and not with clinical failure. Drug tolerance represents an intermediate stage in the evolution of clinical resistance involving acquisition of characteristic *FKS* gene mutations. Tolerance mechanisms depend on fungal stress tolerance pathways, including cell wall integrity, protein kinase C, Ca^2+^- calcineurin/Crz1, and high-osmolarity glycerol (HOG) pathways ([@B5]). In one study, a systems biology approach was employed to infer regulatory networks and interactions during adaptation to CAS-induced stress in A. fumigatus ([@B28]). They confirmed the presence of cross talk of mitogen-activated protein (MAP) kinases corresponding to cell wall integrity and HOG signaling pathways upon CAS exposure. Data also suggested that intracellular transport was affected upon CAS exposure causing additional osmotic stress but that high concentrations of CAS reduced this osmotic stress, thus decreasing its toxicity. In this report, we describe a novel, stress-induced mechanism of echinocandin resistance in *Aspergillus* that is associated with clinical failure but independent of genetic changes leading to amino acid substitutions in the hot spot region of glucan synthase. This novel mechanism is mediated by an increase in ROS production induced prominently by CAS, resulting in a downstream modification of the lipid microenvironment, which likely alters the interaction of echinocandin drugs with glucan synthase.

Alternative mechanism of echinocandin resistance. {#s3.1}
-------------------------------------------------

Echinocandin resistance in *Aspergillus* is a relatively new phenomenon that involves modulation of the drug-target interaction mediated via two separate mechanisms of action (MOA). The first MOA is highly conserved and occurs through mutations in the hot spot regions of glucan synthase. It has been shown that an engineered S679P amino acid substitution in glucan synthase in a laboratory-generated A. fumigatus strain rendered it highly resistant to all echinocandins ([@B7]). More recently, our laboratory reported an echinocandin-resistant clinical isolate of A. fumigatus carrying the point mutation F675S in the hot spot region of the *fks1* gene ([@B6]). For the second MOA, echinocandin resistance in A. fumigatus has also been reported for high-MEC isolates from patients failing therapy in which there was no apparent genetic modification of *fks1* ([@B9]). In this case, upregulation of *fks1* was presumed to be a causal mechanism of resistance, comparable to what has been observed for gain-of-function mutations resulting in azole resistance in Candida albicans ([@B29]). In that report, clinical isolates from patients with chronic pulmonary aspergillosis who failed echinocandin therapy were analyzed and found to have elevated MECs with no mutations in the coding or noncoding regions of *fks1*. Furthermore, the strains did not show significant upregulation of *fks1*, pointing to a novel resistance mechanism. Previously, it was reported that a highly drug-resistant laboratory-generated strain, RG101, showed high-MEC CAS values with no apparent modification of the *fks1* gene ([@B19]). That strain displayed paradoxical drug sensitivity in which growth was inhibited at low levels of CAS but showed frank resistance at drug levels above 0.5 μg/ml after 24 h. That phenotype was recapitulated in the present study, and RG101 was shown to be fully resistant at all drug levels after 30 h of growth. The strain also appeared to be resistant *in vivo*. However, it retained complete sensitivity to MFG at 24 and 48 h and *in vivo*. Transcriptional analysis of RG101 grown in the presence of CAS at breakthrough levels of drug revealed that the cells upregulated a variety of stress and tolerance pathways associated with cell wall biosynthesis and remodeling, as had been observed previously in Candida albicans ([@B19]). However, these compensatory responses were insufficient to account for prominent drug resistance. This conclusion is consistent with a study by Loiko and Wagener, who analyzed the paradoxical behavior of *Aspergillus* under conditions of CAS treatment and suggested that the paradoxical drug recovery reflected a restoration of enzyme function ([@B30]).

To further explore a novel mechanism directly impacting glucan synthase, we examined the enzyme isolated from untreated and CAS-treated RG101 cells to explore a potential modification(s) of the drug target. Indeed, we observed that the glucan synthase from RG101 grown in the presence of CAS was altered, rendering the enzyme insensitive to the drug (4-log order shift in sensitivity). Furthermore, the modified enzyme was subsequently found to be insensitive to MFG and other glucan synthase inhibitors. Consistently, CAS induced cross-resistance to all glucan synthase inhibitors in whole-cell growth inhibition assays. This indicated that CAS was inducing some form of enzyme modification that rendered cells resistant. The possibility of PTMs in the enzyme causing insensitivity to CAS was tested using LC-MS/MS. Several PTMs were detected in glucan synthase of RG101, but no modification was judged to be stable and strong enough to drive such a steady resistance phenotype. The role of the observed PTMs in enzyme function and/or regulation is being independently evaluated.

Further, potential lipid-associated modifications in the microenvironment of the enzyme were examined, and we found two types of lipids---dihydrosphingosine and phytosphingosine---that were highly abundant in product-entrapped glucan synthase after CAS induction compared to the results seen with an uninduced-enzyme preparation. Exogenous addition of these lipids to the sensitive glucan synthase of RG101 was found to have made the enzyme insensitive to CAS. It is noteworthy that the clinical isolates with resistance phenotypes showed a similar lipid profile. This suggests that changes in the lipid bilayer can alter the interaction of echinocandins with glucan synthase. The role of the lipid microenvironment in the susceptibility of fungi to echinocandins has not been studied extensively. However, a study showed that for some laboratory and clinical isolates of C. glabrata, defects in sphingolipid biosynthesis led to a mixed phenotype in which strains were resistant to CAS and hypersensitive to MFG ([@B18], [@B31]). The authors of that study hypothesized that changes in sphingolipid composition in the cell membrane weakened the interaction between glucan synthase and CAS and strengthened the interaction between the enzyme and MFG. A recent study of C. albicans showed that deletion mutants of genes encoding enzymes important for biosynthesis of very-long-chain fatty acids such as sphingolipids resulted in resistance to fluconazole, an azole antifungal agent targeting the ergosterol biosynthesis pathway ([@B32]). Our findings indicate that CAS-induced changes in sphingolipid composition in the microenvironment of glucan synthase alter the drug-binding affinity of echinocandins. Therefore, this apparent nexus of two drug classes with very different MOAs---azoles and echinocandins---suggests that sphingolipid biosynthesis may play an important role in fungal cell stress tolerance responses.

Oxidative stress response as a mediator of echinocandin resistance. {#s3.2}
-------------------------------------------------------------------

Studies have shown that the polyene drug amphotericin B (AmB) kills fungal cells by forming membrane pores but also acts as an oxidizing agent ([@B33], [@B34]), leading to the formation of ROS ([@B35]). The efficacy of the drug has been partially attributed to oxidative damage in cells through lipid peroxidation ([@B36]). Recently, a study in A. fumigatus showed that fungal cell membrane-targeting drugs such as itraconazole, terbinafine, and AmB induce mitochondrial ROS production, leading to lipid peroxidation and inhibition of fungal growth ([@B37]). Although all echinocandins share the same mechanism of action involving inhibition of glucan synthase, it is well documented that CAS induces *in vitro* phenotypic behavior (leading to high MICs) that is independent of genetic changes in *FKS*. For example, certain *Candida* strains grown in the presence of CAS show various degrees of paradoxical growth in which isolates are able to grow better at higher drug concentrations ([@B38], [@B39]). This effect is partially attributed to compensatory chitin deposition ([@B40], [@B41]), although this model is largely insufficient for *Aspergillus* ([@B30]). Overall, the biological mechanism behind these observations is not well understood. In this study, we investigated why CAS but not other echinocandins was able to induce modification of glucan synthase from RG101. We observed that CAS prominently induced ROS production, while the other echinocandins induced ROS weakly or not at all. The CAS-induced ROS was of mitochondrial origin, as it was blocked by antimycin A. Importantly, we showed a link between ROS production and development of resistance, as addition of ROS scavengers such as thiourea reduced ROS levels in cells and reversed the resistance phenotype of RG101. A few studies have linked increased ROS content to protein and lipid oxidation in cells ([@B42]). In one study in Saccharomyces cerevisiae, mitochondrial-respiration-deficient mutants were hypersensitive to CAS ([@B42], [@B43]). The most sensitive mutants were those with impaired mitochondrial biosynthesis of the phospholipids phosphatidylethanolamine and cardiolipin ([@B43][@B44][@B46]). Another study in S. cerevisiae showed that the TORC2/Ypk1 pathway functions as a ROS-sensing module and plays a central role in sphingolipid biosynthesis and homeostasis ([@B47]). How ROS production, induced by CAS, leads to altered lipid composition with respect to glucan synthase resulting in resistance is yet to be determined.

A new model for stress-induced drug resistance. {#s3.3}
-----------------------------------------------

Our model for non-*fks1* mutation-mediated echinocandin resistance in A. fumigatus is shown in [Fig. 7](#fig7){ref-type="fig"}. We propose that CAS induces production of ROS in mitochondria as an off-target effect. The other echinocandins showed poor inductive effect, most likely due to poor cell penetration. We believe that one of the downstream effects of increased ROS production in cells is altered regulation of lipid biosynthesis genes. This leads in turn to modified plasma membrane lipid composition in the microenvironment of glucan synthase, likely causing a conformational change in the enzyme, perhaps in a manner that prevents echinocandins from binding to the target and leads to resistance. Although our data demonstrate the CAS-specific insensitivity of the enzyme upon addition of dihydrosphingosine and phytosphingosine, we hypothesize that insensitivity to all echinocandins may occur with much higher concentrations of these modified lipids. Clinical isolates have phenotypes that highly similar but not identical to those seen with RG101, since they are also MFG resistant. However, these isolates were retrieved from patients with chronic pulmonary aspergillosis who had undergone prolonged treatment with MFG and other antifungal therapy. Such a chronic exposure to drugs could have triggered similar pathways such as ROS production leading to altered lipid composition. Alternatively, prolonged exposure to micafungin may have lowered the threshold for activation of sphingolipid biosynthesis pathway genes in these strains, leading to altered lipid composition in the microenvironment of the enzyme.

![Working model showing the non-*fks1* mutation-mediated mechanism of resistance in RG101. (A) Addition of CAS during growth of RG101 altered the properties of glucan synthase, rendering it resistant to CAS, at both the cellular and enzyme levels. (B) Working model for CAS-induced resistance in RG101. CAS induces ROS production in cells. We hypothesize that high ROS levels alter the lipid composition in the microenvironment of glucan synthase, causing a conformational change in glucan synthase and leading to CAS resistance.](mBio.00779-19-f0007){#fig7}

In conclusion, this study identified a novel, *fks1-*independent mechanism of echinocandin resistance in A. fumigatus that uses CAS-induced ROS-mediated changes in the lipid composition of the microenvironment of glucan synthase to alter the drug-target interaction. Other echinocandins may also induce off-target mitochondrial stress (although less robustly than CAS), resulting in lower ROS production. This is yet to be assessed with large collections of clinical isolates. Use of echinocandins to treat patients with *Aspergillus* infection is expanding, and we predict that this new mechanism of resistance will be an important clinical factor.

MATERIALS AND METHODS {#s4}
=====================

Strains and isolates. {#s4.1}
---------------------

RG101 was derived from parental strain ATCC 13073 (U.S. clinical isolate collected from a lung in 2005) by regenerating spheroplasts in minimal medium containing a high (10 μg/ml) concentration of CAS ([@B19]). A. fumigatus clinical isolates 117, 2770, 32458, 32315, and 68284B were obtained from sputum samples of patients with chronic pulmonary aspergillosis at Wythenshawe Hospital, University of Manchester (the samples were provided by David W. Denning). Strain S679P (previously reported as strain S678P) ([@B7]) was engineered in the Perlin laboratory to harbor an amino acid substitution in the hot spot region (amino acid 679) making it resistant to all echinocandins.

Antifungal susceptibility testing. {#s4.2}
----------------------------------

[M]{.ul}inimum [e]{.ul}ffective [c]{.ul}oncentrations (MECs) for A. fumigatus strains were determined according to CLSI document M38-A2 ([@B48]) and defined as the lowest drug concentration that led to the growth of small, rounded, compact hyphal forms compared to the hyphal growth seen in the drug-free growth control wells. The following drugs (supplier) were tested: caspofungin (Merck & Co., Inc.), micafungin (Astellas Pharma US, Inc.), anidulafungin (Pfizer Inc.), itraconazole (Sigma-Aldrich), voriconazole (Pfizer Inc.), and amphotericin B (Sigma-Aldrich). In addition, rezafungin and ibrexafungerp were obtained from Cidara Therapeutics and Scynexis Inc., respectively.

*In vivo* fungal burden analysis. {#s4.3}
---------------------------------

Resistance of RG101 to CAS *in vivo* was tested in an acute pulmonary aspergillosis model. Thirty inbred DBA/2 mice were rendered neutropenic and infected with 1 × 10^6^ RG101 conidia intratracheally. The mice were then treated with CAS (5 mg/kg of body weight), MFG (5 mg/kg), or vehicle daily for 5 days, and lung burdens were determined using quantitative PCR (qPCR). Details of the experiment are provided in [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.
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Electron microscopy. {#s4.4}
--------------------

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) methods were followed as described previously ([@B49]) and in [Text S1](#textS1){ref-type="supplementary-material"}.

Cell wall carbohydrate analysis. {#s4.5}
--------------------------------

Strains ATCC 13073 and RG101 were grown in the absence and presence of CAS (4 μg/ml) in 6-well microtiter plates containing yeast extract-peptone-dextrose (YPD) broth for 22 h at 37°C. The cells were then lysed using a French press. The broken cell wall sample was processed for chemical analysis using mass spectrometry at the Complex Carbohydrate Research Center (CCRC) at the University of Georgia, Athens, GA.

Glucan synthase isolation and assay. {#s4.6}
------------------------------------

ATCC 13073 or RG101 was grown in liquid YPD medium at 37°C for 16 h. Partially purified glucan synthase was isolated by the product entrapment method, as previously described ([@B21]). Sensitivity to echinocandin drugs was measured by glucan synthase assay, using a 96-well multiscreen high-throughput screen filtration system (Millipore Corporation, Bedford, MA) in a final volume of 100 μl. Inhibition of the enzyme by the drug was analyzed after incubation of the enzyme with a radioactive substrate over a broad range of concentrations (0 to 10,000 ng/ml) of echinocandins for 1 h at room temperature. Radioactivity from the enzyme product, β-(1,3)-[d]{.smallcaps}-glucan, was measured. Inhibition profiles were determined using a sigmoidal response curve fitting algorithm with GraphPad Prism software (v 7.04).

To study the effect of lipids on the enzyme, dihydrosphingosine, phytosphingosine, or phytoceramide C2 (Sigma-Aldrich D6783, P2795, and C8105, respectively) was added directly to the assay mixture and coincubated with an echinocandin for 1 h at room temperature.

Protein analysis by LC-MS/MS. {#s4.7}
-----------------------------

To detect possible posttranslational modifications in glucan synthase, we assayed the enzyme from strain RG101 grown in the absence or presence (1 μg/ml) of CAS. To remove detergent from partially purified glucan synthase, the enzyme sample was spun at 39,000 rpm for 1 h in an ultracentrifuge. The pellets were resuspended in enzyme buffer. Protein samples were separated on SDS-PAGE, and bands of \>180 kDa were collected and prepared for mass spectrometry **(**[Text S1](#textS1){ref-type="supplementary-material"}).

Lipid analysis. {#s4.8}
---------------

Approximately 10 μg/ml of partially purified glucan synthase of RG101 and clinical isolates was analyzed for lipid content by LC-MS/MS ([@B50]) at the Lipidomics Shared Resource of the Medical University of South Carolina (<http://www.hollingscancercenter.org/research/shared-resources/lipidomics/index.html>).

Measurement of ROS production. {#s4.9}
------------------------------

ROS production in mycelia was measured using a protocol previously described by Blatzer et al. ([@B51]) with a few changes. Suspensions of 10^4^ spores/ml of ATCC 13073 and RG101 were grown in static culture in complete supplement mixture (CSM) medium for 16 h in a 96-well microplate at 37°C. After incubation, the mycelia were washed once with CSM, 10 μM 2′,7′--dichlorofluorescin diacetate (DCFDA) dye was added, and cells were incubated in the dark at 37°C for 30 min. Cells were then washed three times with phosphate-buffered saline (PBS), and a final concentration of 1 μg/ml of each echinocandin in CSM medium was added to different wells. Fluorescence intensity (excitation at 485 nm and emission at 530 nm) was measured for 1 h in a microplate reader (Tecan Infinite M200 Pro). Mycelia stained with DCFDA without any drug were used as a control.

RNA-seq. {#s4.10}
--------

RG101 conidia were grown for 16 h in YPD broth in the absence and presence of 1 μg/ml CAS at 37°C. Mycelia were washed twice with PBS. RNA was isolated using a Qiagen RNeasy plant minikit (catalog no. 74904). RNA-seq analysis was performed by LC Sciences, Houston, TX. StringTie was used to estimate expression levels for mRNAs by calculating fragments per kilobase per million (FPKM) as follows: FPKM = total number of exon fragments/number of mapped reads (millions) × exon length (in kilobases) ([@B52]). The differentially expressed mRNAs were selected with log2 (fold change) values of more than 1 or less than −1 and with a parametric F-test comparing nested linear models (*P* value, \<0.05) by the use of R package Ballgown ([@B53]).
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